Introduction {#s1}
============

During their embryonic and postembryonic development, plants continuously generate new tissues, organs and structures from pools of undifferentiated cells that are located in specialized structures called meristems. Thus, studying the formation and maintenance of the spatiotemporal patterns that underlie cell-fate determination and arrangement within and around the meristems is of special importance for understanding plant development. Indeed, experimental and theoretical approaches have begun to uncover the complex interactions among genes, hormones and other molecules involved in the formation and patterning of root and shoot apical meristems of *Arabidopsis thaliana* (Arabidopsis) [@pone.0063108-Azpeitia1]--[@pone.0063108-Vernoux1]. Less is known, however, about the dynamics of cellular patterning in the vascular meristem, which gives rise to vascular tissues and underlies plant growth in the radial direction.

Although the structures of Arabidopsis vascular tissues are different in the root than in the shoot, primary vascular tissues of both plant portions consist of meristematic procambial cells that produce xylem cells on one side and phloem cells on the other ([Figure 1](#pone-0063108-g001){ref-type="fig"}) [@pone.0063108-Turner1]. Vascular bundles of the inflorescence stem are formed by the inflorescence apical meristem in a process known as primary growth. First, procambium differentiates to form phloem and, later, xylem [@pone.0063108-Esau1]. Later in the development, the secondary meristem -- cambium -- differentiates in both vascular bundles and interfascicular regions, giving rise to the secondary phloem and xylem. In Arabidopsis, the secondary growth is limited to the very base of the inflorescence stem and is initiated in the phase of the first silique formation [@pone.0063108-Altamura1]. Here, we focus on the study of cellular determination and patterning of the three basic cell types during primary growth in the shoot vasculature ([Figure 1](#pone-0063108-g001){ref-type="fig"}). Specifically, we study the maintenance of procambial cells and determination of the young xylem and phloem cells situated next to them. Although a set of molecular elements involved in this process has been identified (Table 1 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}), it is not known how the regulatory interactions among these elements, in conjunction with cell-to-cell communication processes [@pone.0063108-Lehesranta1], render the steady patterns that characterize the three regions within vascular bundles. In order to explore this process, we put forward a data-based spatiotemporal model considering the interactions among genes, peptides, mRNA and hormones that have been reported to be central to this process (Tables 1 and 2 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}).

![Schematic representation of the vascular bundle structure.\
The shoot vascular bundles of Arabidopsis are considered as an array of three compartments in the position of procambial (pc) and young xylem (xy) and phloem (ph) cells. Each cell type is characterized by, among other things, the presence of one or two proteins that we will consider cell-type markers: VND and ASL in the xylem, WOX4 in the procambium, and APL in the phloem. The microphotograph is showing the cross section of living (non-fixed) inflorescence stem of Arabidopsis stained with toluidine blue as described in [@pone.0063108-Hejtko1].](pone.0063108.g001){#pone-0063108-g001}

Among plant hormones, auxin and cytokinins (IAA and CKs, respectively) play an important role in the specification and patterning of shoot and root vascular cells (see reviews in [@pone.0063108-Fukuda1]--[@pone.0063108-CaoDelgado1]). In our work we further consider brassinosteroids (BRs), which also regulate vascular development [@pone.0063108-Fukuda1], [@pone.0063108-Ibaes1] but whose role in vascular cell-fate determination within bundles remains unclear.

IAA is necessary for the specification of vascular cell precursors and is found in procambial cells, although not exclusively. In the inflorescence stem of Arabidopsis, IAA reporters are observed in the procambial and differentiating xylem [@pone.0063108-Ibaes1]. This pattern has also been observed in the root vasculature [@pone.0063108-DeSmet1], [@pone.0063108-Bishopp1]. In both cases, IAA signal appears to sustain procambial identity and promote xylem differentiation [@pone.0063108-Elo1], [@pone.0063108-CaoDelgado1], [@pone.0063108-Bishopp1], probably via *MONOPTEROS* (*MP*) and other *AUXIN RESPONSE FACTORS* (*ARFs*) (Table 1 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"} and references therein).

CKs are also present in vascular procambial cells and positively regulate their proliferation [@pone.0063108-MatsumotoKitano1]--[@pone.0063108-Bishopp2] while negatively regulating protoxylem specification [@pone.0063108-Mahnen1]. As currently understood, CK signaling is mediated by a multistep phosphorelay (MSP) system. This system includes hybrid sensor histidine kinases (*AHKs*), histidine phosphotransfer proteins (*AHPs*), and nuclear response regulators (*ARRs*) (for a recent review see [@pone.0063108-Hwang1]). ARRs are subdivided into several groups, the most important of these being A-type (*A-ARRs*) and B-type (*B-ARRs*). In turn, ARRs regulate the expression of other genes, including isopentenyl transferases (*IPT)* and cytokinin dehydrogenases (*CKX)*, which regulate CK biosynthesis and degradation, respectively ([Figure 2](#pone-0063108-g002){ref-type="fig"}, Table 1 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}, and references therein).

![Summary of the experimental data used to specify the dynamic model.\
Nodes correspond to different types of molecular regulatory interactors; arrows represent activation or positive regulation. Red, flat-end lines represent negative regulation. Nodes can take on only two values (0 or 1), except for the dark gray ones which can take on three (0, 1, 2). Mobile elements are represented in squares, and dotted lines indicate hypothetical interactions.](pone.0063108.g002){#pone-0063108-g002}

It was recently shown that in the root vasculature of Arabidopsis CKs and IAA mutually determine their spatial distribution. IAA upregulates *AHP6*, a negative regulator of the CK signaling system, while CKs upregulate the auxin efflux transporter PIN7 [@pone.0063108-Bishopp1]. Although this mechanism has not been reported for the shoot, the known regulatory interactions and spatial patterns of these elements in the shoot of Arabidopsis do not exclude it (Tables 1 and 2 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}).

In addition to the growth regulators mentioned above, there exists a set of genes and molecules involved in cell-fate determination and patterning within vascular bundles of Arabidopsis ([Figure 2](#pone-0063108-g002){ref-type="fig"} and Table 1 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}). This set includes the HD-ZIP III gene *ATHB-8*, which is expressed in preprocambial and procambial cells [@pone.0063108-Baima1], [@pone.0063108-Baima2], and *KANADI* (*KAN*), which has been shown to downregulate HD-ZIP III genes in other contexts and has been suggested to downregulate *ATHB-8* via miRNA165/6 (MIR) [@pone.0063108-CaoDelgado1]. The xylem-specific genes *VASCULAR-RELATED NAC-DOMAIN* (*VND*) and *ASYMMETRIC LEAVES2-LIKE19* (*ASL*) have also been included [@pone.0063108-CaoDelgado1], [@pone.0063108-Kubo1], [@pone.0063108-Yamaguchi1], as well as the phloem-specific *ALTERED PHLOEM DEVELOPMENT* (*APL*) gene [@pone.0063108-Bonke1]. Finally, we considered the procambium-specific gene *WUSCHEL-RELATED HOMEOBOX 4* (*WOX4*) [@pone.0063108-Ji1] and the peptide TRACHEARY ELEMENT DIFFERENTIATION INHIBITORY FACTOR (TDIF) that binds the receptor-like kinase PHLOEM INTERCALATED WITH XYLEM (PXY) and activates it (the activated form is denoted here as *APXY*). Importantly, TDIF and miRNA165/6 are able to diffuse between neighboring cells [@pone.0063108-Lehesranta1], [@pone.0063108-Fisher1]--[@pone.0063108-OhashiIto1].

Since the molecules that have been reported as necessary for the patterning of vascular bundles regulate one another in a complex (i.e. highly nonlinear) manner, at both the intra- and intercellular scales, mathematical and computational models are expected to be helpful in understanding such patterning processes, as well as for integrating vast sets of detailed experimental data and providing novel predictions. Among those mathematical models put forward in developmental biology are those of molecular regulatory networks (MRN) (e.g. [@pone.0063108-LaRota1]). These are integrative tools that allow assessing the collective action of several interacting molecules and enable simulations of modified and hypothetical networks. MRN models consider genes, proteins or other molecules as nodes, and they regard regulatory interactions as directed edges (positive or negative). We thus developed a dynamic spatiotemporal model that allowed us to i) generate a formal framework that serves as a basis for integrating the currently available experimental data, as well as the continuously emerging data; ii) postulate a dynamic account of how the collective action of hormones, genes and other molecules results in specification of the three main regions and cell types within vascular bundles; iii) put forward novel predictions that can be experimentally tested; and iv) establish a reference model that can be used for further studies comparing the dynamics of patterning and meristem maintenance.

Our results render a dynamic mechanism that could account for vascular bundle patterning. It also suggests that in the shoot vasculature, CKs and IAA exclude one another in a way similar to that proposed for the root vasculature [@pone.0063108-Bishopp1]. Additionally, the model points to some testable interactions that could occur either directly or indirectly and that may feed back to experimental work: that CKs upregulate APL, that KAN and ATHB-8 downregulate each other via MIR165/6, that ATHB-8 self-upregulates, and that AHP6 is regulated in the shoot as it is regulated in the root (positively by IAA and negatively by CKs). Finally, our model enables further comparative analyses with patterning systems in other meristematic regions of Arabidopsis and in other plant systems (e.g. *Zinnia elegans* \[Zinnia\]), providing a basis for the comparison of whole dynamic developmental modules [@pone.0063108-HernndezHernndez1].

Methods {#s2}
=======

The proposed model considers data that we identified and evaluated through an extensive search (up to January 2012). It takes into account molecular interactions, hormonal and expression patterns, and cell-to-cell communication processes that have been reported to affect vascular patterning in the bundles of Arabidopsis. The model components and interactions are graphically presented in [Figure 2](#pone-0063108-g002){ref-type="fig"}, and the evidence supporting the model is summarized in Tables 1 and 2 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}.

In the network model, nodes stand for molecular elements regulating one another's activities. Most of the nodes can take only 1 or 0 values (light gray nodes in [Figure 2](#pone-0063108-g002){ref-type="fig"}), corresponding to "present" or "not present," respectively. Since the formation of gradients of hormones and diffusible elements may have important consequences in pattern formation, mobile elements TDIF and MIR, as well as members of the CK and IAA signaling systems, can take 0, 1 or 2 values (dark gray nodes in [Figure 2](#pone-0063108-g002){ref-type="fig"}). The level of expression for a given node is represented by a discrete variable *g* and its value at a time depends on the state of other components of the network at a previous time unit. The state of every node *g* therefore changes according to:

In this equation, are the regulators of node state and is a discrete function known as a logical rule (Table 3 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}; logical rules are grounded in available experimental data). Given the logical rules, it is possible to follow the dynamics of the network for any given initial configuration of the nodes expression state. One of the most important traits of dynamic models is the existence of steady states in which the entire network enters into a self-sustained configuration of the nodes state. It is thought that in developmental systems such self-sustained states correspond to particular cell types [@pone.0063108-Kauffman1].

In order to explore the spatiotemporal dynamics of the system under study, we considered three compartments representing the procambial cells and the adjacent young xylem and phloem cells within the shoot vascular bundles ([Figure 1](#pone-0063108-g001){ref-type="fig"}). Each cell or compartment has the same regulatory network ([Figure 3](#pone-0063108-g003){ref-type="fig"}). However, the networks in each cell are coupled to the neighboring network by means of mobile elements (square-shaped nodes in [Figure 2](#pone-0063108-g002){ref-type="fig"}, [Figure 3](#pone-0063108-g003){ref-type="fig"}). According to experimental evidence for the system under study (see Table 1 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"} for data supporting regulatory interactions and Table 2 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"} for a summary of expression and localization patterns), the hormone IAA, the peptide TDIF, and the microRNA MIR165/6 are able to move among the cells. In the case of TDIF and MIR165/6, the mobility is defined as diffusion and is given by the following equation:where is the total amount of TDIF or MIR165 in cell . is a parameter that determines the proportion of that can move from any cell to neighboring ones and is correlated to the diffusion rate of . is a constant corresponding to a degradation term. is a step function that converts the continuous values of into a discrete variable that may attain values of 0, 1 or 2. refers to the number of neighboring compartments, which is 2 for the compartment in the procambial position, and 1 for the two compartments located in the extremes of the array (i.e. phloem and xylem). Boundary conditions are zero-flux. In the case of IAA, the mobility is defined as active transport dependent on the radial localization of the PIN efflux transporters (Table 2 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}) and is defined by the equation:where is a parameter that determines the proportion of IAA that can be transported among cells. The transport depends on the presence of IAA and PIN in the cells and corresponds to a degradation term. As in [equation 2](#pone.0063108.e006){ref-type="disp-formula"}, is a step function that converts the continuous values to discrete ones and stands for the number of neighbors in each cell. Boundary conditions for IAA motion are also zero-flux.

![Schematic representation of the spatiotemporal model.\
(A) Three spatial compartments are considered, each corresponding to a main region of the shoot vascular bundles. Each compartment contains the same molecular regulatory network (MRN) (as specified in [Figure 2](#pone-0063108-g002){ref-type="fig"} and Table 3 of [File S1](#pone.0063108.s001){ref-type="supplementary-material"}), and certain mobile elements are able to move among cells. (B) In every simulation, the system is started in an initial condition and then the logical rules and the diffusion and transport rules are iteratively applied until a steady state is reached ([Methods](#s2){ref-type="sec"}).](pone.0063108.g003){#pone-0063108-g003}

Using the logical rules (Table 3 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}), [equations 1](#pone.0063108.e002){ref-type="disp-formula"}--[3](#pone.0063108.e015){ref-type="disp-formula"}, and a broad range of parameter values (Table 4 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}), it is possible to fully reproduce the results and analyses reported in the following sections (see simulation time course in Figure 1 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}). The model was implemented in C.

Results {#s3}
=======

1 Model Assumptions {#s3a}
-------------------

In order to focus on the core logic of the shoot vascular patterning network, and given the available experimental evidence, the model incorporates a number of simplifying assumptions. These are as follows:

### 1.1 {#s3a1}

The overall structure of the shoot vascular bundles is simplified to a one-dimensional arrangement of three compartments, corresponding to xylem, procambial and phloem cells ([Figure 1](#pone-0063108-g001){ref-type="fig"}). Since we find that there is insufficient data to clearly discern steady states expected for the different vascular cell subtypes (e.g. xylem fibers and tracheary elements in xylem), we only consider these three broad types. Although simplifying, this assumption will facilitate future comparative studies with the vascular system at other parts of the plant and even with those of other plants.

### 1.2 {#s3a2}

Each of these three cell types has the same regulatory network, but, given the network dynamics, the presence of mobile elements, and the initial conditions, each cell can reach a different state corresponding to a different cell type.

### 1.3 {#s3a3}

The state of all nodes in the network is updated simultaneously (synchronous update) in discrete time steps. This is a strong assumption because regulation of the nodes is in fact likely to occur at different rates (see for example [@pone.0063108-Sankar1]). However, given that the data used to build this network were obtained for different moments during plant development, and since there is not enough information to assume a particular sequence for asynchronous update, the synchronous update constitutes the simplest assumption. A consequence of this assumption is that only final steady states (and not transient ones) are informative.

### 1.4 {#s3a4}

In order to focus on pattern formation within vascular bundles in the radial direction, cell-to-cell communication and transport in the apical--basal axis is neglected. However, since we focus our study in young provascular (undifferentiated) cells, it is likely that apical--basal transport at this point is still incipient.

### 1.5 {#s3a5}

Only those regulatory elements that are involved in the early process of vascular cell specification and patterning are considered, while "downstream" elements acting later in the differentiation process are not included into the model.

2 Initial Conditions {#s3b}
--------------------

The initial conditions specify the initial state of some of the network elements (Figure 1 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}) and are the following (a robustness analysis regarding these initial conditions is presented in the sections below):

### 2.1 {#s3b1}

In the procambial position (central compartment), CK is initially available and there is an initial and sustained IAA input or self-upregulation. This condition is supported by several lines of evidence [@pone.0063108-Fukuda1], [@pone.0063108-Bishopp1], [@pone.0063108-Okadalat1]--[@pone.0063108-Mhnen2]. Also *ATHB-8*, a marker of early vascular development that has been found in preprocambial cells, is assumed to be initially present at this position [@pone.0063108-Baima1], [@pone.0063108-OhashiIto2], [@pone.0063108-Gardiner1]. These conditions are not fixed, however. After the initial configuration, all the members of the CK and IAA signaling pathways, as well as *ATHB-8*, can change their states according to the logical rules.

### 2.2 {#s3b2}

In the xylem and phloem positions, it is assumed that no element is initially active except for the CK signaling pathway and TDIF, both in the phloem position. The localization of TDIF in the phloem is well documented ([@pone.0063108-Etchells1], Table 2 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}). At present, however, it is unknown how its spatial pattern is regulated. In our model, therefore, its expression is fixed to the phloem position, although it may move by diffusion during simulations. The localization of CK in the phloem position is given only as an initial condition and can change during simulations according to the dynamic rules (Table 3 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}).

3 Newly Postulated Interactions {#s3c}
-------------------------------

Considering only experimentally verified data for the shoot of Arabidopsis ([Figure 2](#pone-0063108-g002){ref-type="fig"}, without considering dotted lines), the model cannot reproduce the expected wild-type configuration of the three basic vascular cell types. In particular, this model is unable to render reported patterns of some of the network elements that may serve as cell-type markers (APL, KAN, VND and ASL) (Table 2 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}). This suggests that the reported interactions are necessary but not sufficient for cellular determination and patterning in the shoot vascular bundles. By making a few educated guesses, however, the modified model is able to reproduce them in a robust way. The assumed interactions are represented as dotted lines in [Figure 2](#pone-0063108-g002){ref-type="fig"} and are largely based on the experimental data available for other Arabidopsis tissues, as well as on the reported interactions among genes with similar sequences and functions in other contexts of plant development, particularly the vascular tissue in roots (Tables 1 and 2 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}). In the context of our modeling approach, these interactions appear to be necessary for the determination of the basic cell types in the vascular bundles of Arabidopsis, and we therefore postulate these as candidates for experimental validation below.

### 3.1 CKs upregulate APL {#s3c1}

*APL,* a phloem marker, has been reported to be directly or indirectly downregulated by *PXY* [@pone.0063108-Whitford1]. In our model, however, if *APL* is considered to be regulated only by *PXY*, its expression domain also includes the compartment corresponding to young xylem cells. Since this is not observed, we postulate that *APL* is positively regulated by CK signaling ([Figure 2](#pone-0063108-g002){ref-type="fig"}, dotted lines). This is consistent with the fact that CKs transported in the phloem are in turn necessary for proper formation of phloem in Arabidopsis root [@pone.0063108-Bishopp2]. When the CK-mediated upregulation of *APL* via B-ARRs is included ([Figure 2](#pone-0063108-g002){ref-type="fig"}), *APL* is restricted to the phloem. Upregulation of APL by CKs does not contradict the rest of the dataset included in the model and could explain the observed expression patterns. Furthermore, this prediction is supported by the following findings: i) *APL* 5\' flanking region has 10 repeats of the CK-responsive (ARR1-dependent) motif (Database of Plant Cis-acting Regulatory DNA Elements, PLACE, [@pone.0063108-Higo1]), and ii) microarray experiments show a rapid increase in the expression of *APL* after Arabidopsis cell cultures are treated with BAP, a type of CK (TAIR, ExpressionSet:1005823559).

### 3.2 ATHB-8 and KAN inhibit each other {#s3c2}

The complementary distribution of *KAN* and HD ZIP III genes like *ATHB-8* in vascular bundles and other systems suggests that these gene families inhibit each other [@pone.0063108-Emery1], [@pone.0063108-Ilegems1] ([Figure 2](#pone-0063108-g002){ref-type="fig"}, dotted lines). The molecular details of such interaction have not been revealed, but it is proposed to be mediated by MIR165/6 [@pone.0063108-CaoDelgado1]. It is not yet understood how the presence of *KAN* is confined to the phloem, but when we consider this mutual downregulation (mediated by MIR165/6, see [Figure 2](#pone-0063108-g002){ref-type="fig"}), the model can reproduce the expected cellular profiles, including that of the phloem. In contrast, when the mutually negative regulation between ATHB-8 and KAN is not included into the model, *ATHB-8* and *KAN* oscillate in the procambial and phloem positions, which has not been reported. Alternatively, *KAN* would have to be assumed to be upregulated in the phloem by an unknown factor.

### 3.3 ATHB-8 self-upregulates via BR {#s3c3}

Our model reveals that the reported expression of ATHB-8 in procambial and xylem cells (Table 2 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}) can only be robustly reproduced if ATHB-8 is initially present in the procambial cells and its activity is somehow self-sustained. In our simulations, if ATHB-8 is not self-upregulating, its expression in the procambial cells is lost and KAN is ectopically expressed in this position. It was shown that BRs upregulate HD-Zip *III* homeobox genes belonging to the same family as *ATHB-8* [@pone.0063108-OhashiIto2]. Furthermore, BRs seem to promote procambial identity and transdifferentiation to xylem cells (reviewed in [@pone.0063108-Fukuda1]). In our model, therefore, we considered that BRs upregulate *ATHB-8* and that the positive feedback allowing self-sustained upregulation of ATHB-8 is completed by upregulation of BRs by ATHB-8 ([Figure 2](#pone-0063108-g002){ref-type="fig"}, dotted lines). This implies a mechanism by which BRs could stabilize *ATHB-8* in procambial and protoxylem cells, as well as the overall xylem--phloem ratios.

### 3.4 AHP6 is inhibited by CK and upregulated by IAA in the shoot, as it is in the root {#s3c4}

These interactions, although probably indirect, have been reported for the root of Arabidopsis [@pone.0063108-Mahnen1] but not for the shoot ([Figure 2](#pone-0063108-g002){ref-type="fig"}, dotted lines). Nevertheless, it has been shown that *AHP6* is expressed in the shoots and young leaves [@pone.0063108-Mahnen1] and, when *AHP6* upregulation by IAA and downregulation by CK is incorporated into our shoot model, the patterns are robustly formed (see also mutant analysis below).

4 Robust Specification and Maintenance of the Three Main Vascular Regions in Wild-type Simulations {#s3d}
--------------------------------------------------------------------------------------------------

After the aforementioned postulated interactions were incorporated into the logical rules that specify the model's dynamics (dotted lines in [Figure 2](#pone-0063108-g002){ref-type="fig"}, Table 3 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}), the model was able to robustly generate the expected patterns and arrangements ([Figure 1](#pone-0063108-g001){ref-type="fig"}). Starting from the initial conditions previously specified, and given the dynamics stipulated in the rules and mobility equations (Table 3 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"} and [Methods](#s2){ref-type="sec"}), the elements of the network change their state until the entire system reaches a steady state in which the elements characterizing each vascular region are present. As shown in [Figure 4](#pone-0063108-g004){ref-type="fig"}, the steady state reached by the networks within each of the three compartments matches the experimentally reported expression and concentration profiles (Table 2 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}). In such final state, *VND* and *ASL* are active only in the xylem position, *WOX4* only in the procambial position, and *APL* only in the phloem position ([Figure 1](#pone-0063108-g001){ref-type="fig"}). It is worth noting that this steady state is reached after as few as 5 iterative steps (Figure 1 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}).

![Network steady states characterizing each of the regions within the shoot vascular bundles.\
(A) Schematic representation of a shoot vascular bundle in Arabidopsis. (B) MRN steady states corresponding to the xylem position, (C) phloem position, and (D) procambium position. The experimentally reported xylem, procambium and phloem markers peak in the corresponding positions. The position of the network nodes corresponds to that in [Figure 2](#pone-0063108-g002){ref-type="fig"}.](pone.0063108.g004){#pone-0063108-g004}

Furthermore, the steady state of our model exhibits hormonal profiles that are consistent with a mechanism in which IAA and CKs restrain one another's domains during vascular development [@pone.0063108-CaoDelgado1], [@pone.0063108-Bishopp1] and is consistent with expression and metabolic data for the Arabidopsis root vasculature and other plant systems [@pone.0063108-Fukuda1], [@pone.0063108-Elo1], [@pone.0063108-Bishopp1] (Table 2 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}). As shown in [Figure 4](#pone-0063108-g004){ref-type="fig"}, in the steady state reached by the system, IAA peaks in the compartment corresponding to xylem cells, which is in agreement with previous reports ([@pone.0063108-Elo1], Table 2 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}). In the steady state of the simulated system, in turn, CKs are present in procambial and phloem cells.

Since the model could reproduce the expected patterns of these cell-type markers, we then proceeded to test the model's robustness in the face of its modifications. The model involves some unknown parameters associated with the diffusion and transport of mobile elements ([equations 1](#pone.0063108.e002){ref-type="disp-formula"}--[3](#pone.0063108.e015){ref-type="disp-formula"} in [Methods](#s2){ref-type="sec"}). Therefore, we tested whether the overall system was robust to changes in these parameters and found that parameters could be varied in a relatively ample range of values (Table 4 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}).

As mentioned above, the model assumes an initial distribution of the hormones IAA and CKs, expression of *ATHB-8*, and localization of TDIF. These initial conditions are in agreement with the available experimental data. It is important, however, to test if other initial conditions can render the wild-type vascular pattern. Additionally, these tests may also point to unknown alterations in the hormonal profiles that could lead to changes in the plant's vascular pattern. We thus tested how sensitive the system is to changes in each of the aforementioned initial conditions. The system is robust to changes in the initial IAA localization, because, even if IAA is simulated to be initially present in the xylem and phloem positions, the final steady state exhibits an IAA peak in the xylem position, and the expected localization of cell-type markers. On the other hand, changes in CK initial conditions affected the overall pattern generated by the model, not being able to generate the expected patterns when CKs were initially present in the xylem position or when CKs were initially absent from the procambial or phloem positions. We also assume as an initial condition that ATHB-8 is present in the procambial position. Robustness analyses show that when ATHB-8 is not initially present in procambial cells, the overall cellular expression and concentration profiles are conserved. Under these conditions, however, *ATHB-8*, *KAN* and *MIR* oscillate in the cells where they are expressed. Interestingly, their expression is also stabilized in the expected position if BR, which could establish a feedback loop with *ATHB-8* ([Figure 2](#pone-0063108-g002){ref-type="fig"}), is assumed to be initially present in the procambial position instead of ATHB-8 [@pone.0063108-Baima1], [@pone.0063108-OhashiIto2], [@pone.0063108-Gardiner1]. As for the parameter analyses, initial lack of TDIF in the phloem position cannot be accommodated by the system, probably because the additional regulatory inputs that could make it more robust to changes in the expression/localization of TDIF are still unknown.

5 Simulation of Hormonal Depletion and Mutant MRNs Supports the Proposed Model {#s3e}
------------------------------------------------------------------------------

In order to test the model, hormonal-depletion treatments and mutations were simulated and compared with the experimentally reported phenotypes ([Figure 5](#pone-0063108-g005){ref-type="fig"}). The particular *in silico* experiments are described below.

![Mutant and hormone depletion simulations using the spatiotemporal network model.\
Each horizontal line or vector represents the molecular profile of the three tissue types considered in the model. The compartment in the center corresponds to the procambium, while the compartments to the left and right correspond to the xylem and phloem, respectively. The color scale represents the states of the nodes at a given time (0, 1 or 2). Each row corresponds to the final steady profiles of a mutant or hormone-depletion simulation. In *--IAA,* IAA is set to 0 throughout the simulations but is present in the initial conditions. In --IAA *T,* IAA is set to 0 in the initial conditions and throughout the simulations. Likewise, in *−CK,* CK is set to 0 throughout the simulations but is present in the initial conditions. In --CK *T,* CK is set to 0 in the initial conditions and throughout the simulations.](pone.0063108.g005){#pone-0063108-g005}

### 5.1 CK depletion {#s3e1}

Experimental data show that CK signaling is decreased in the CRE-family triple mutant and the *wol* mutant (gain of function mutation in *AHK4* mimicking the triple CK receptor mutant phenotype [@pone.0063108-Mhnen1], [@pone.0063108-Mhnen2]), both of which exhibit a lack of phloem and metaxylem, as well as a reduction in the number of vascular cells [@pone.0063108-CaoDelgado1], [@pone.0063108-Mahnen1], [@pone.0063108-Mhnen1]. A similar phenotype is observed in transgenic lines in which CKs are degraded from the root vascular bundle or soon after the induction of *CKX1*, suggesting that CK signaling primarily inhibits a "default" developmental pathway leading to the xylem specification and promotes procambial cell identity [@pone.0063108-Mahnen1]. In the shoot, mutants in which CK signaling is decreased also exhibit fewer vascular cells but do not lose phloem cells completely [@pone.0063108-Hejtko1]. In agreement with these lines of evidence, when we use our model to simulate total CK depletion (*--CK T* in [Figure 5](#pone-0063108-g005){ref-type="fig"}, CK value is set to 0 in the initial conditions and throughout simulations) or partial CK depletion (*--CK* in [Figure 5](#pone-0063108-g005){ref-type="fig"}, CK is set to 0 throughout simulations but is present in the initial conditions), the xylem markers *VND* and *ASL* are found in the procambium position. This suggests that CK depletion could delimit the mitotic activity or identity of stem cells, leading to progressive xylem differentiation. As a consequence, consuming the pool of stem cells in the meristem would result in a reduced amount of vascular cells. When total CK depletion is modeled in our system, moreover, *APL* is no longer expressed in the phloem position. This is consistent with the phloem-less *wol* phenotype of the root [@pone.0063108-Mhnen1].

### 5.2 IAA depletion {#s3e2}

Several lines of empirical data show that IAA depletion prevents xylem differentiation [@pone.0063108-CaoDelgado1], [@pone.0063108-Bishopp1], [@pone.0063108-Yoshida1]. This is well reproduced in the IAA depletion simulations performed here. As shown in [Figure 5](#pone-0063108-g005){ref-type="fig"}, both partial IAA depletion (*--IAA* in [Figure 5](#pone-0063108-g005){ref-type="fig"}, IAA is set to 0 throughout simulations but is present in the initial conditions) and total IAA depletion (*--IAA T* in [Figure 5](#pone-0063108-g005){ref-type="fig"}, IAA value is set to 0 in the initial conditions and throughout simulations) result in a lack of expression or accumulation of xylem markers (VND and ASL), suggesting the loss of xylem cell identity.

### 5.3 BR depletion {#s3e3}

It has been experimentally shown in Zinnia that BRs facilitate the differentiation of mechanically isolated mesophyll cells into xylem cells, possibly through the regulation of specific members of the ZeHD-ZIP III family [@pone.0063108-Fukuda1], [@pone.0063108-OhashiIto2]. Moreover, BRs appear to be necessary for the transdifferentiation of Arabidopsis hypocotyl cells into xylem cells [@pone.0063108-Sawa1]. Indeed, when the BR receptor *BRL1* is mutated, plants display increased phloem and reduced xylem differentiation [@pone.0063108-CaoDelgado2]. In our model, the simulation of BR depletion causes a loss of *ATHB-8* in the procambial position and consequent ectopic expression of *KAN* in the procambium (*-BR* in [Figure 5](#pone-0063108-g005){ref-type="fig"}). Since *KAN* is mainly expressed in the phloem (Table 2 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}) and HD-ZIP III genes (including *ATHB-8*) are mainly expressed in procambium and xylem cells, this simulation result could correspond to the commitment of more procambial cells into phloem than into xylem. That corresponds well with the observed *brl1* phenotype [@pone.0063108-CaoDelgado2].

### 5.4 pin mutant {#s3e4}

Experimentally, the application of 1-N-naphthylphthalamic acid (NPA), an inhibitor of polar auxin transport (PAT), prevents TE differentiation in Zinnia [@pone.0063108-Yoshida2]. The shoots of PAT-defective Arabidopsis plants (both NPA-treated plants and mutants in IAA efflux carriers from the PIN family) reveal an abnormal number of vascular bundles and xylem proliferation [@pone.0063108-Glweiler1]. In the roots of Arabidopsis, application of NPA also suppresses protoxylem formation [@pone.0063108-Bishopp1]. Double knock-out mutants in IAA efflux carriers *PIN3* and *PIN7* form unstable IAA patterns. In some individuals, the IAA response maxima are expanded and plants have roots with ectopic protoxylem, while in others the maxima are reduced and plants show loss of protoxylem compared to wild-type [@pone.0063108-Ibaes1]. We observe in our simulations the latter type of phenotypic aberrations, in which cells in the xylem position lack the presence of xylem markers VND and ASL (*pin* in [Figure 5](#pone-0063108-g005){ref-type="fig"}).

### 5.5 athb-8 mutant {#s3e5}

Literature reports indicate that when all five HD-ZIP III (including *ATHB-8*) are knocked out, xylem formation is no longer detected in the root and it is reduced in the shoot [@pone.0063108-Prigge1], [@pone.0063108-Carlsbecker1]. In the computational simulation of the *athb-8* mutant, we observe that some of the xylem-characteristic elements are still present in the xylem positions but that phloem elements (KAN and MIR) are also expressed there, thus rendering a mis-specified xylem cell (*athb-8* in [Figure 5](#pone-0063108-g005){ref-type="fig"}). Since we are considering the collective and partially redundant action of HD-ZIP III genes in the ATHB-8 node, our results match the experimental data. Additionally, even in the multiple HD-ZIP III mutant, phloem cells are still formed [@pone.0063108-Carlsbecker1]. That corresponds with our simulations, as the phloem profile is still reproduced in the corresponding position (*athb-8* in [Figure 5](#pone-0063108-g005){ref-type="fig"}).

### 5.6 ahp6 mutant {#s3e6}

The *ahp6* mutant seedlings of Arabidopsis display no obvious phenotype at the macroscopic level. Sporadic protoxylem differentiation is observed, however, along the root (i.e. in some sections of the root one of the two protoxylem cell files is absent). This phenotype could be mimicked by addition of exogenous CKs with *ahp6* roots being more sensitive to CK-mediated loss of protoxylem cell identity, which is consistent with the role of *AHP6* as a negative regulator of CK signaling [@pone.0063108-Mahnen1]. In our model, the simulated loss of *ahp6* function results in no alteration as compared to the wild-type vascular arrangement (*ahp6* in [Figure 5](#pone-0063108-g005){ref-type="fig"}). However, the *ahp6* mutant version of the model cannot buffer the simulated addition of CKs into the xylem position, thus rendering altered patterns. In contrast, the wild-type version of the model, in which *AHP6* is active, can still give rise to the wild-type pattern and profiles even when CKs are "added" to the xylem position during the simulations. This is consistent with the aforementioned increased sensibility to CKs reported in the roots of *ahp6* mutant plants [@pone.0063108-Mahnen1]. Although the interactions regulating vascular patterning are probably different in the root and shoot of Arabidopsis, our results suggest that *AHP6* has a similar role in the two types of vascular tissue. Thus, a possible explanation for the *ahp6* phenotype observed in the root may be that this mutant cannot buffer spontaneous fluctuations in the abundance of CKs.

Overall, the aforementioned simulation results correspond closely to published data and may provide further insights into the mechanisms leading to certain mutant phenotypes that have been reported.

6 Vascular Patterning Systems in Zinnia and Arabidopsis are Dynamically Similar {#s3f}
-------------------------------------------------------------------------------

Single mesophyll cells of Zinnia that have been isolated and cultured *in vitro* with added CKs and auxin (although 1-Naphthaleneacetic acid, was used instead of IAA) transdifferentiate at a high frequency into xylem cells. It has been shown that this process requires the transport of auxin (both into and out of the cells) and that brassinosteroids are synthesized actively during the differentiation to xylem cells [@pone.0063108-Fukuda1], [@pone.0063108-Demura1], [@pone.0063108-Yoshida1], [@pone.0063108-Fukuda2]. In order to test whether the described molecular mechanisms are similar -- at the dynamic level -- in other plants, and thus whether our model could be used for further comparative studies, we used its modified version to simulate the dynamics of a single (Zinnia) cell in a medium with relatively high levels of CKs and auxin (as originally reported by Fukuda and Komamine [@pone.0063108-Fukuda3]). In this case, we modeled only one compartment with the initial conditions that we have used for the procambial position: IAA, assuming it acts like NAA, and CK signaling systems, as well as *ATHB-8* activated. Since individual Zinnia cells are isolated in the reported experiments, we neglected intercellular communication. As in the reported experiments, the modeled cell was considered to sense CKs and transport IAA from and to the medium ([equations 2](#pone.0063108.e006){ref-type="disp-formula"} and [3](#pone.0063108.e015){ref-type="disp-formula"} in [Methods](#s2){ref-type="sec"}). The model shows that from this initial condition, and in an isolated single-cell system, the collective action of genes and hormones leads to a steady state in which a xylem profile is achieved (data not shown). Also, as has been experimentally reported, brassinosteroids are upregulated during the simulation in our model. This suggests that even if the molecular regulatory network involved in the specification of vascular types of cells in *Zinnia* were different from that acting in *Arabidopsis,* it is likely that the overall topology and dynamics of these networks are similar, which is also supported by the participation of genes from the same families in the vascular patterning of both plant species [@pone.0063108-Fukuda1]. This result suggests that our model is a valuable tool for performing comparative studies at the dynamic level and supports the hypothesis stating that protoxylem is the "default" vascular identity [@pone.0063108-Mahnen1].

Discussion {#s4}
==========

Given certain simplifying assumptions and a few newly proposed interactions (unverified but based on related data; Tables 1 and 2 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}), the presented model can account for the wild-type organization of vascular bundles, as well as for some qualitative mutant phenotypes (e.g. complete loss of a cell type) and hormone depletion phenotypes, thus providing a plausible dynamic mechanism for cellular determination and patterning in the vascular bundles of Arabidopsis. Moreover, the model has led to the postulation of new interactions that may be experimentally tested (dotted lines in [Figure 2](#pone-0063108-g002){ref-type="fig"}).

1 Differences in Hormonal Control Over Primary and Secondary Growth {#s4a}
-------------------------------------------------------------------

As shown in the Results section, our model supports a mechanism in which IAA and CKs restrain each other's domains during vascular development [@pone.0063108-CaoDelgado1], [@pone.0063108-Bishopp1]. According to the model results, IAA peaks in xylem cells and CKs are present only in the phloem and procambial positions, where IAA is present just in low levels. Suer et al. [@pone.0063108-Suer1] analyzed the IAA reporter DR5rev:GFP along the cambium at the onset and during secondary thickening of the inflorescence stem. They found the IAA maxima located mainly in the phloem cells (both phloem of vascular bundles and secondary phloem in the interfascicular regions) and in single cortex cells of interfascicular arcs. These results contrast with our model and with the previously reported results showing a peak of DR5::GUS in the procambial and differentiating xylem in the primary vasculature [@pone.0063108-Ibaes1]. Thus, if present, phloem-located IAA could have been below the detection levels. Our model, however, is intended to explain cell-fate determination in the proximity of the procambial cells and early during primary vascular development and patterning. Thus, the aforementioned experimentally reported differences in IAA distribution point to possible specificity in hormonal regulation over primary and secondary growth.

2 Model Limitations {#s4b}
-------------------

The results presented in this work can be reproduced by implementing the logical rules (Table 3 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}) and equations presented in the [Methods](#s2){ref-type="sec"} section within the parameter ranges specified in Table 4 in [File S1](#pone.0063108.s001){ref-type="supplementary-material"}. Therefore, we expect that it will provide the scientific community with a useful framework to continue integrating the data emerging for the system under study, as well as for testing hypotheses *in silico* and restraining future experiments. However, the methods and simplifications used to implement this model convey certain limitations that must be considered. First, individual cells cannot be resolved within the three model compartments (representing phloem, xylem and procambium), thus cell proliferation and differentiation of individual cell subtypes (e.g. tracheary elements and xylem fibers in the xylem) cannot be considered in the model. Further, since the compartments have a fixed size, our model cannot reproduce changes in the relative size of the vascular tissues or number of cell lines. Also, the model does not at this point account for apical--basal variations in the vascular patterns. Finally, robustness analyses reveal that the model is particularly sensitive to certain changes in the initial conditions, and especially in the initial profile of CKs. This lack of robustness in the case of certain initial conditions may reflect that additional interactions are yet to be incorporated or that there are incorrect assumptions to be experimentally rejected. Alternatively, the sensitivity to initial CK content may reflect a central role of CKs in vascular patterning, as is also suggested by the strong vascular phenotype of the *wol* mutant in Arabidopsis root [@pone.0063108-Mhnen1]. The critical role of CKs is further supported by the presence of several mechanisms bypassing fluctuations in CK content and buffering the effect of partial absence of CK signaling or biosynthesis (e.g. increase in CK biosynthesis in the multiple CK signaling mutants) [@pone.0063108-Riefler1].

Also worthy of note is that in the current version of our model we consider CKs to be the only input to the MSP signaling system. Although the MSP system does seem primarily to mediate CK action, it nevertheless has been shown that a number of other hormones and signals converge at the MSP. For example, CKs establish crosstalk with ethylene and salicylic acid at the level of MSP components [@pone.0063108-Hass1]--[@pone.0063108-Argueso1] and light also appears to interfere with the CK response by means of interactions between phytochromes and MSP [@pone.0063108-Kushwah1]--[@pone.0063108-Yoshida3]. In addition, MSP seems to integrate further signals like CK-independent CKI1 activity, osmoregulation or abscisic acid activity (reviewed in [@pone.0063108-Hork1]). At present, we consider there to be insufficient data to include these pathways into the model, although their inclusion into future versions could help in understanding the plastic nature of vascular development in response to environmental and organismal stimuli. Importantly, integrating other inputs into MSP could fill the proposed gap in the model and reduce its sensitivity concerning CK initial conditions and fluctuations.

3 Future Outlooks {#s4c}
-----------------

As more information becomes available, it also will be possible to study the differentiation of cellular or tissue subtypes (such as the different types of xylem cells). It has been shown, for example, that MIR165/6 is important for determining the different types of xylem cells (metaxylem and protoxylem) in the root [@pone.0063108-Carlsbecker2], and future developments of this model could help in understanding the dynamics of such sub-differentiation. Similarly, it might be possible to include more information and dispense with certain model assumptions regarding, for example, the initial conditions, hormonal crosstalk, and precise molecular nature of some of those interactions considered here. In turn, we expect that this integrative effort will help in designing future experiments. In particular, we suggest that it would be of great interest to test experimentally those interactions that are heretofore merely postulated (dotted lines in [Figure 2](#pone-0063108-g002){ref-type="fig"}).

Understanding the processes behind plastic development is central to comprehending the origin and evolution of an organism's forms [@pone.0063108-Mller1], [@pone.0063108-Finet1]. In particular, studying the dynamics of vascular patterning will help clarify how lateral growth in plants responds to different types of stimuli and how these stimuli are integrated and translated into patterns of specific tissues during postembryonic development. Moreover, a better understanding of how vascular tissues are patterned and organized will enable performing comparative analyses to elucidate the general mechanisms driving cell division and cell differentiation in plants and even in other multicellular organisms [@pone.0063108-Meyerowitz1], [@pone.0063108-HernndezHernndez1]. The molecular elements involved in determining vascular tissues in the inflorescence stem are partially shared with, or belong to the same families as, those involved in similar processes in the roots, leaves, and both apical (shoot and root) meristems of Arabidopsis (e.g. [@pone.0063108-Bishopp1], [@pone.0063108-Suer1], [@pone.0063108-Nakata1]). Thus, the use of dynamic models will allow for testing if there is a "dynamic core" shared by the vascular patterning in various organs and other tissue patterning systems, particularly apical meristems, even if there are tissue-specific elements or interactions. Along that same line, dynamic and integrative models could complement the comparative studies being performed to examine vascular patterning in different plants and eventually shed light on the origin and variation of vascular arrangements and the evolution of plants' vascular patterning.

Supporting Information {#s5}
======================
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